Abstract. An objective method of extracting respiratory data from lung images is presented, together with a technique for automatically generating regions of interest delineating the anterior and posterior regions of the lungs. The method is used to extract data on the change in lung impedance with frequency, and on calculated Cole parameters, from 19 normal neonates (gestational age 32 to 42 weeks) and 8 normal adults (age 21 to 82 years). A comparison of the impedance properties of neonatal and adult lungs was made. The variation of lung impedance with frequency in neonates, as derived from EIT images, is significantly different from that found for adults. The implications for a model of the electrical impedance of lung tissue are discussed.
Introduction
The large change in lung impedance with respiration, and the ease of use of impedance tomography as a monitoring technique, has led to a body of work on lung impedance (Harris et al 1987 , McArdle et al 1988 , Smulders and van Oosterom 1988 , Brown et al 1994a , b, c, 1995 , Nopp et al 1993 , Taktak et al 1995 , Marven et al 1996 , Adler et al 1997 , Kunst et al 1998 . The majority of these studies have been on adults, and have been made at a single measurement frequency. The lungs of neonates and infants are intrinsically of interest, both because of the developmental changes that are taking place in the lungs of very young children, and because of the difficulty of making lung function measurements on non-ventilated infants who are too young to cooperate. There are considerable difficulties in making EIT measurements on neonates, and only two studies have been reported (Taktak et al 1995 . Hampshire et al obtained acceptable lung images from a group of 10 neonates, some of whom had lung pathology. Changes in lung impedance with frequency were reported, and compared with values for adults which had been obtained from a separate study . The present study (Hampshire 1997) is an extension of this previous work, under more controlled conditions, and provides a comparison between neonatal and adult EIT parameters from two normal subject groups. The data collection and analysis method is identical for the two groups, and an objective method of extracting parameters has been used. 
Methods
A group of neonates were studied using the Sheffield Mk3a EITS system-a 16-electrode interleaved drive and receive system using eight measurement frequencies between 9.6 kHz and 1.2 MHz (Brown et al 1994c) . For most subjects several measurements were made in the same session. The values generated for each recording have been pooled for each subject if the time between recordings is small (less than 24 h). All the images have been reconstructed using the Fourier transform technique described below, and data has been extracted from objectively generated regions of interest. For the neonatal study, MSB Unilect TM 1010 (MH200) solid gel electrodes were used. The disadvantage of these electrodes is that they have a press-stud connector that makes them quite bulky and hence unsuitable for long-term recording. The work presented here is based on short-term recordings (less than 5 min once the electrodes are attached). The 16 electrodes were equally spaced around the chest at the level of the nipples.
The adult group data were recorded from normal subjects recruited for an adult lung water trial using the same measurement system with Medicotest Blue Sensor electrodes at xiphisternal level. The adult data were analysed using exactly the same method as for the neonates with appropriate adjustment of the respiratory rates used in the Fourier spectra for image reconstruction. All the adult subjects were asked to perform tidal breathing during data collection.
Data analysis
Data collection from normal adult subjects is, in general, straightforward. They can and will cooperate, and data from the required respiratory manoeuvres is therefore easily obtained. Analysis of neonatal data requires the extraction of good data from frames collected during normal tidal breathing. The problems are illustrated by the typical transfer impedance recording shown in Hampshire et al (1995) , which includes movement artefact and a period of apnoea, in addition to normal tidal breathing. The analysis in the previous study was performed by manually identifying periods of tidal breathing. In this study, an automated method of extracting good data is presented. This has two immediate advantages. Firstly, an automated method provides an objective, rather than a subjective, analysis, and secondly, the speed of analysis is greatly improved. The technique adopted here involves the use of the Fourier transform to calculate the frequency components of the data. These frequency components are not to be confused with the different measurement frequencies used by the Mk3a EITS system. To distinguish between the two, the frequency components of the Fourier transform will be referred to as the Fourier components of the data.
Extracting the Fourier components of respiration
The Mk3a system has eight drive and eight receive pairs of electrodes, and records at eight different frequencies, giving 512 independent transfer function measurements (the drive-receive-frequency combinations). Fourier transforms are performed on the temporal sequences of each of the 512 combinations (each sequence contains 1000 consecutive transfer function values, recorded over a 30 s period). This generates 512 individual Fourier spectra. The data associated with the fundamental Fourier component of the respiratory waveform are then extracted. For neonates, this was defined as the frequency with the greatest magnitude in the frequency range from 0.5 Hz to 1.66 Hz (i.e. corresponding to 30-100 breaths per minute). An upper and lower bound to the Fourier components associated with respiration was found by selecting all contiguous frequency components with a magnitude 80% of 
Dynamic images:
These images show change in the real part of the impedance (R(Z)) with inspiration relative to the mean impedance. One image is generated for each measurement frequency and the reference for each image is the corresponding frequency from the mean frame. Reference data = FC 0 Image data = FC 0 + FC resp
Frequency images: These images show change in the real part of the impedance (R(Z)) with measurement frequency. One of the measurement frequencies is used as the reference data (e.g. R(Z 9.6 kHz )) and each of the eight measurement frequencies is reconstructed relative to this reference. This produces eight images. The frequency image corresponding to the reference frequency shows no change. Reference data = FC (respf ref) Image data = FC resp the maximum magnitude. The mean value of the real part of these selected components is defined as the respiratory data, FC resp . The mean value of the transfer impedance for each drive-receive-frequency combination is, by definition, the zeroth Fourier component, FC 0 . This procedure is repeated for each of the 512 combinations to give two frames of data. One is composed of the mean of the 512 transfer impedances and the other is composed of 512 FC resp values of the magnitude of the respiratory component of the transfer impedance. This process is represented in figure 1 . In practice, each respiratory recording will start at an arbitrary point in the respiratory cycle, i.e. there is an arbitrary phaseshift included in the data, which must be removed to ensure comparability between recordings. For each recording, the median phaseshift for all the selected Fourier components is found, and subtracted from the data.
Two types of images have been reconstructed for this study. These have previously been described as dynamic and frequency images (Brown et al 1994c could be performed on the temporal sequence of reconstructed images, but with considerably greater computational cost.
Region of interest definition
The usual method of interrogating images is to select a region of interest on the image and then derive statistical measures for the selected regions. Regions of interest are automatically generated from the dynamic images of respiration. The variance of all the images in each group (neonates and adults) was found by calculating the standard deviation of each pixel and then assigning the variance value to the pixel's location. This produces an image in which the location of the lungs is indicated by a larger variance. Single-frequency variance images of lungs have been used previously by Frerichs and Hahn . The region of interest was defined as the 60% contour on the variance images. (A 60% contour was chosen because it provided good separation of the lungs at each of the measurement frequencies.) Eight separate regions, one for each measurement frequency, were produced for each group. The region of interest defined in this way includes both the left and right lungs, and was subdivided to give separate regions which included only the left lung, only the right lung, the anterior part of the both lungs, and the posterior part of both lungs. Note that these are regions of interest derived from grouped data, and applied to individuals. The resulting regions of interest are shown in figure 3.
Results

The normal sample groups (table 2)
The normal neonatal group consists of 19 patients selected from the neonatal intensive care unit and normal delivery babies. The babies selected had been classed as normal from a respiratory point of view. Most were admitted for feeding and observation. Figure 4 shows a grouped mean image of the neonatal lungs which has been reconstructed using the mean R(Z) frame of all of the adults as the reference set and the mean R(Z) frame of all of the neonates as the data set. The images show the percentage difference of R(Z) between the two groups at each of the eight measurement frequencies. In a three-dimensional object, the transfer impedance will be inversely related to a linear scaling factor, and so will be higher for neonates than for adults. The data sets have therefore been normalized using the chest circumference as the linear scaling factor. The very large percentage change around the edge of the images is probably the result of the different cross-sectional shape of the neonatal and adult thoraces. The images show that the neonatal lung regions are more resistive than the adult lungs.
Grouped mean images
Dynamic images
The right and left lung regions of interest were applied to each of the dynamic images to find the change in R(Z) with respect to the mean value for each measurement frequency for each subject. Table 3 shows the mean and standard deviation values for each of the frequencies in both groups. The mean values of the adult R(Z)-frequency curve are greater than the mean values of the neonatal curve. This may reflect a higher fractional tidal volume in the adults. However, there is a large standard deviation on both sets of measurements, and the values are not normally distributed. Some of the variation between subjects may be real, but some may also arise from the data processing technique. The change in the measured transfer impedances due to respiration are very small in some subjects (<1% in some cases). At this level the cardiac related changes are not insignificant because of the proximity of the heart. In the Fourier method, the median of the phase angle is used to standardize the images. When the voltage changes due to respiration are similar to cardiac-related changes this assumption can fail. If the phase angle used to correct the images is incorrect, inspiration can look like expiration, i.e. the changes with respiration appear to be negative and this leads to the wide variation in region of interest measurements over the lungs. This problem does not affect frequency images because one of the frequencies is used as a reference and all of the frequencies undergo the same phase-angle correction.
The Wilcoxon rank test has been performed on the measurements and indicates that there are no significant differences between the two groups (table 3). 
Frequency images
Ranges of values have been calculated for regions of interest over the left and right lungs for the normal neonate and adult groups. The ranges are shown in table 4. The p values obtained from a Wilcoxon rank test for the adult and neonatal groups are given. The low p values indicate that the frequency curves for the adults and neonates are significantly different. This can be seen in figure 5 and to an even greater extent in figure 6 . The larger standard deviation at the highest frequency indicates the difficulty in making accurate high-frequency measurements.
There is a greater fall-off in the real part of the impedance R(Z) with increasing frequency for adults than for neonates. The total fall-off in R(Z) for the right lung region of interest, from the lowest to highest measurement frequency, is 59% in the adult group and 38% in the neonatal group. The fall-off for the left lung region of interest is 45% in the adult group and 31% in the neonatal group. The improved separation of the right lung curves between the two groups compared with the left lung curves is probably because the left side of the image can be affected by the presence of the heart. However, there is still a significant difference at all the frequencies for both regions of interest.
Cole parameters
The impedance spectrum of each pixel in the images can be modelled by a simple R, S, C model due originally to Cole (Cole and Cole 1941 , Brown et al 1994c . As the absolute resistivity is not known, only two of the calculated variables are independent. The resulting parametric images can be displayed as images of R/S, f c , RC and SC. The noise on the measurements has been reduced by using the mean frequency curve for each region of interest to generate parameters for each subject. The Cole parameters have been calculated from the individual mean R(Z)-frequency curves generated for each subject in the normal groups. The mean and standard deviation for the pooled subjects are tabulated in table 5 together with the Wilcoxon rank test p values for the two groups. The parameters RC and SC have not been tested because they are derived from the mean values of R/S and f c . The adult parameters shown in tables show good agreement with the parameters found in the earlier study of adult parametric images As expected the right lung shows better agreement. The Cole parameters generated in this earlier study are shown in table 6.
The percentage difference between adult and neonatal parameters for the present study is shown in table 7, compared with the change in parameters between maximum expiration and maximum inspiration for adults as obtained by Brown et al (1995) .
Discussion
The results given in sections 4.2 and 4.4 appear to show that neonatal lungs have a higher impedance than adult lungs and that the changes of impedance with frequency are considerably less. We should consider if the assumptions made in producing the EIT images might affect the above conclusions. The image reconstruction method assumes 2D geometry and a circular boundary for the body. The effects of these assumptions are firstly to cause image distortion and secondly to produce nonlinearity in the measured impedance changes. However, by using differential imaging and by identifying the lung regions on the basis of which pixels show a Table 7 . Difference between adult and neonatal Cole parameters for the right lung, compared with the changes found in adults between maximum and minimum expiration by Brown et al (1995) .
% change between maximum % difference between adult expiration and inspiration in and neonatal parameters Parameter adults ((neonate-adult)/adult) R/S −35 ± 8.9 −47 f c (kHz) + 37 ± 18.8 + 242 Derived RC (µs) −2 ± 7.6 −84 Derived SC (µs) −35 ± 11.2 −38
change with respiration, we have minimized the effects of image distortion. The nonlinearity of the measured impedance changes does not affect the conclusions that the neonates appear to have lungs which are more resistive than adults and that the changes of tissue impedance with frequency are different.
The results in table 7 show that the differences in parameters between adult and neonatal lungs are all in the same direction as the changes in adult lungs in going from expiration to inspiration, i.e. neonatal parameters appear similar to very deep adult inspiration. If neonatal lungs were like hyperinflated adult lungs, we would expect:
(a) a very much higher electrical impedance for neonatal lungs than for adult lungs (because impedance increases with air volume); (b) neonatal lungs to be less dense than adult lungs (i.e. a larger air/tissue ratio); (c) more or larger alveoli in neonates than adults.
According to the grouped mean data presented in figure 4 , the first of these predictions is correct. However, the second and third predictions are not correct. Zeltner et al (1987) have shown that neonatal lungs are more dense than adult lungs, and that there are fewer alveoli in neonatal lungs.
In the model due to Nopp et al (1996) , which is based on adult lung data obtained from EITS images, the dielectric behaviour of lung tissue is attributed to three main dispersions which are a result of extra-capillary (i.e. conducting) blood vessels (dispersion I) in the low-frequency range (20 to 200 kHz in adults), the epithelial cells (dispersion II) in the mid-frequency range (150 to 250 kHz in adults); and blood (dispersion III) in the high-frequency range (around 1 MHz in adults). In addition to these, another dispersion is hypothesized, which is a result of the capillary network (dispersion IV). Due to the irregular structure of the capillary network, no frequency was assigned to dispersion IV. On the basis of this model we can discuss the relationship between structural differences in neonate and adult lung tissue and the observed differences in electric behaviour. In the following, for easy reference, the same symbols are assigned to the tissue structures as in Nopp et al (1996) .
As shown in figure 6 , the deviation of neonate data from adult data starts in the lowfrequency range, indicating differences in dispersion I between neonates and adults. In Nopp et al (1996) the extracapillary blood volume was taken to be 500 ml. If the assumption is made that the extracapillary blood volume V B of neonatal lung tissue is 0 ml, the curves obtained look similar to the neonate data in figure 6 , indicating that one of the reasons for the difference between neonate data and adult data might be that in neonates the extracapillary blood volume is much smaller in relation to the other structures of the tissue. Another reason for differences in dispersion I could lie in the radius R ecbv of extracapillary blood vessels. It is reasonable to assume that R ecbv is smaller in neonates than in adults. With decreasing R ecbv , the relaxation frequency of dispersion I increases, leading to a shift of the relaxation curve towards higher frequencies and thus a smaller fall-off in the frequency range considered here. Further, the data in Zeltner et al (1987) show that in neonates the density of the lung parenchyma is slightly higher, i.e. in terms of the model the alveolar volume air filling factor F A is higher. This could lead to increased alveolar volume conductivity γ A which, according to the model, leads to an increase in the relaxation frequency and a decrease in the total fall-off of dispersion I. Therefore, the Nopp model suggests that in neonates dispersion I is both reduced in the total fall-off and shifted towards higher frequencies due to reduced extracapillary blood volume, smaller diameter of extracapillary blood vessels, and higher alveolar volume conductivity, which correlates with figure 6. Dispersion II is attributed to the epithelial cell layer of the alveolar walls. Based on histological data, the length of the epithelial cells is assumed to be 30-40% of the alveolar diameter. If we assume that the alveolar diameter is smaller in neonates than in adults then this would mean that the epithelial cells are also smaller in neonates. According to the model this would lead to an increase in the relaxation frequency of dispersion II, again leading to a smaller fall-off in the mid-frequency range. The total extent of dispersion II is strongly dependent on the composition of the alveolar walls. The smaller that both the volume fraction and the conductivity of the epithelial cells is in relation to the other structures of the walls, the smaller the total fall-off due to dispersion II. Zeltner's data indeed indicate a slightly smaller volume fraction of epithelial cells in neonates than in adults which consequently would lead to a smaller fall-off due to dispersion II. Therefore, the effect of dispersion II on the electrical properties of lung tissue in the frequency range considered here should be reduced due to both a shift of dispersion II towards higher frequencies and a reduction in the total fall-off, which again correlates with figure 6. Dispersion III is attributed to the blood within the tissue, which is contained both in the extracapillary blood vessels and the alveolar walls. According to Zeltner's data, the composition of neonate lung parenchyma differs considerably from that of adult parenchyma mainly in that the volume fraction of blood is reduced and that of interstitial cells is increased. In the Nopp model, reduced blood volume leads to a smaller effect of dispersion III and possibly also of the capillary network on the dielectric behaviour of the tissue. Further, due to increased F A , the alveolar volume conductivity could be higher in neonates, as mentioned above, which again leads to a decrease in the total fall-off of dispersion III. Both effects correlate with figure 6.
The Nopp model does not take into account interstitial cells, the volume fraction of which is rather small in adults according to Zeltner's data. However, from these data it seems that this factor should not be neglected in neonates. This would introduce an additional dispersion phenomenon (dispersion V) leading to an increase in the total fall-off in the impedance curve, which would contradict figure 6. However, the question remains where dispersion V is located in the frequency range. If the associated relaxation frequency is relatively high (1 MHz or higher) then the effect on the dielectric behaviour in the frequency range considered here could be relatively small.
To summarize, the Nopp model indicates that the dielectric behaviour of neonate lung tissue differs from adult lung tissue in that dispersions I, II, III and IV are reduced in size, and that dispersions I and II are shifted towards higher frequencies. This correlates both with figure 6 and the results of the Cole model (table 7) , namely increased f c and decreased R/S in neonate lung tissue with respect to adult lung tissue. In contrast, dispersion V might have a larger effect on the properties of the tissue, which could partly compensate for the effects of dispersions I to IV.
It is clear from these results that the electrical impedance characteristics of neonatal lungs differ significantly from those of adult lungs, in a manner which cannot be simply attributed to their difference in size. Both the measured results and the changes predicted by applying an adult lung model to the neonatal lung suggest that the different morphology of the neonatal and adult lung leads to significant differences in their electrical impedance characteristics. It would therefore be reasonable to expect that electrical impedance techniques provide a non-invasive tool which can be used to track developmental changes in the lung, and which may be useful in the investigation of other morphological changes in the lung.
Conclusion
An objective method of extracting the respiratory component of transfer function measurements and of identifying lung areas on the resulting EIT images has been applied to normal neonates and adults. The lung impedances for the two groups are significantly different, as would be expected given the widely different developmental stage of the lungs. These results provide a baseline for the study of normal development of the lung, and for the characterization of lung pathology.
